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Table 1. Hypothesised cross-scale interactions in the drivers of rhododendron establishment 
and their specifications in a statistical model 




Woodland susceptibility to invasion by rhododendron    
The importance of potential propagule sources to 
rhododendron establishment will depend on regional 
favourability. In regions that are broadly unfavourable to 
rhododendron establishment, repeated colonisation 
events from propagule sources will be necessary for 
successful establishment. 
Woodland cover * 
favourability gradient 
 
Distance to historic 




An effect of distance to woodland edge could depend on 
whether the surrounding land use is arable, due to any 
edge effect mediated by herbicides or fertiliser 53. 
Distance to woodland 
edge * arable cover 
within 250-m of 
woodland edge.  
local * 
landscape 
Bryophytes provide safe sites for rhododendron 
establishment79. Stand density, as a proxy for light 
reaching the forest floor and water availability (and so 
bryophyte abundance), will limit rhododendron 
establishment – and more strongly – in unfavourable 
regions. Similarly, the importance of local aspect may 
vary with the favourability gradient. 
Stocking density * 
favourability# 
 
Aspect * favourability 
local * region 
Pond soluble reactive phosphorous concentration   
The positive effect of landscape-level intensive land 
cover (arable and pasture) on pond soluble reactive 
phosphorous concentrations will be stronger in areas 
with soils that are more susceptible to leaching, i.e. 
sandy soils   
Intensive agriculture 
cover * soil gradient 
landscape * 
region 







Figure 1. Outline for our analytical framework, which enables the production of effect 





Figure 2. Cross-scale interactions of the effects of landscape-level drivers on ecosystem responses; a) the effect of landscape-level woodland cover 
(within 500-m of a woodland site) on woodland susceptibility to invasion depends on soil pH, and b) the effect of landscape-level intensive land cover (within 
250-m of a pond) depends on a soil gradient. Relationships were graphed using coefficients from the minimum adequate models with conditional variables held 
at their mean except for the bottom three graphs that used values of actual samples sites. Shown are marginal effect plots (top) and effect map (centre) showing 
the effect (estimated coefficient) of landscape-level drivers, conditional on the value of regional gradients, and estimated ecosystem response values in relation 


























Appendix S1. Further methodological details 
for modelling woodland susceptibility to 
rhododendron invasion 
Appendix S1.1 Rationale for modelling rhododendron occurrence, the dataset 























Appendix S1.2 Details of the drivers selected for the analysis of rhododendron 
occurrence 
Table S1.1. Drivers selected for the analysis of rhododendron occurrence 




Source, original resolution and processing 
details 
Region-level   
Soil moisture deficit Negative to negative quadratic – rhododendron 




Ecological Site Classification (ESC), originally 











OS Terrain 50, available at 50-m resolution 
https://www.ordnancesurvey.co.uk/x
ml/products/OSTerrain50Grid.xml    
Soil pH Negative - rhododendron is found in a range of 
acidic soil conditions, from pH 3 to 6.4, but growth 
is generally inhibited below pH 537. 
Continu
ous 
Countryside Survey’s Model estimates of topsoil 
pH and bulk density at 1-km resolution 
https://catalogue.ceh.ac.uk/documen
ts/gemini/waf/  
Landscape-level   
Road density Positive – roads represent potential corridors 
along which invasive species may spread as a 
direct result of as well as indirectly through 
modification of the environment in a way that is 








Distance to woodland 
edge 
Positive or negative – increasing distance to an 
edge tends towards damper conditions that favour 
germination, however, it likely also results in a 
further distance from propagule sources 
Continu
ous 
Derived using 2016 Forestry Commission National 




woodland-gb). Measured using ArcGIS 
(www.esri.com, v10.2.2), using section 
centroids. 
Distance to historic park 
or garden 
Negative – will decline with increasing distance 
from this propagule source. 
Continu
ous 
(Historic England; The Welsh Historic Environment 
Service (Cadw), Historic Environment Scotland). 
Measured using ArcGIS (www.esri.com, 
v10.2.2), using section centroids 
Woodland amount and 
configuration metrics 
Positive - woodland cover serves a potential 
source of propagules for establishment. 
Continu
ous 
25-m resolution land cover raster for Britain, 
LCM200753. Landscape metrics were calculated 
using the ClassStat function provide by the R 




Local-level   
Interpreted forest type 
(IFT) 
Rhododendron is typically associated with mixed, 
rather than monoculture forest stands. 
Categori
cal 
NFI field survey. Sites classified as IFT category 
‘Young trees’ (n=) were removed due to ambiguity. 
Stocking density Negative – a high stocking density of trees, limits 
both the amount of light reaching the forest floor 




NFI field survey 
Stand vertical complexity Positive – seedling establishment is typically 
associated with bryophytes, which are more 
Ordinal 
(1-5) 
NFI field survey (level 5 was merged with level 4 
due to very low sample size) 
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abundant under more complex canopies. 
Rhododendron also associated with deep leaf 
litter, a correlate of stand vertical complexity37. 
Stand age . Canopy closure, and therefore the amount of light 
reaching the forest floor, varies with stand age, so 
rhododendron establishment may vary with stand 
age. Quadratic, linear or log relationships are 
plausible. 
 NFI field survey 
Signs of herbivory Positive – Disturbances caused by grazing creates 
‘safe sites’ for seedling establishment76. 
Binary NFI field survey 





Derived using ArcGIS (www.esri.com, 
v10.2.2), using section centroids 
Woodland patch size Positive or negative – increasing distance to an 
edge tends towards damper conditions that favour 
germination, however, it likely also results in a 
further distance from propagule sources. 
Continu
ous 
NFI map data 














Figure S1.1 Landscape structure metrics hypothesised to influence the probability of rhododendron 








Fig. S1.2. Spearman’s rank correlation coefficients of variables considered in the analysis of 





















Table S1.2. Parameter estimates of the minimum adequate model explaining variation in the 
probability of rhododendron establishment at a woodland site. Explanatory variables were centred and 









intercept NA -0.17 0.43 <0.001 
log10(woodland 
cover)  lands 0.61 0.15 <0.001 
pH  rgn -0.08 0.08 0.003 
poly(favourability 
gradient,2)1 rgn -15.26 6.52 <0.001 
poly(favourability 









lands 0.40 0.15 0.001 
road density lands 0.24 0.03 <0.001 
distance to historic 
garden lands -0.82 0.11 <0.001 
vertical structure loc 1.35 0.14 <0.001 
IFT 
coniferous  0.05 0.11 0.042 
broadleaved 
mixed loc 0.34 0.17 <0.001 
coniferous 
mixed 
 0.36 0.11 <0.001 








Table S1.3. Relative importance values for explanatory variables contained within considerab
ly supported models (∆AIC ≤10) explaining rhododendron occurrence. All models compared here inclu
ded landscape-level variables calculated at a 500-m-extent, except road density, which was calculate
d within a 250‐m buffer. Weights calculated by summing up the Akaike weights of models that includ
ed the term in question (Burnham and Anderson, 2004). 
Term  Importance value 
log10(woodland cover): 1.00 
ph 1.00 
stand age 1.00 
vertical structure 1.00 
moisture and elevation gradient 1.00 
road density 1.00 
distance to historic garden 1.00 
IFT 0.96 
log10(woodland cover): ph 0.96 
favourability gradient 0.91 
distance to woodland edge 0.76 
log10(woodland cover):favourability gradient 0.74 
log(stocking density) 0.71 
signs of herbivory 0.27 
woodland origin 0.14 
 
Table S1.4.  Generalised variance inflation factors (GVIF) for variables contained within the 
minimum adequate model, calculated following Fox & Monette (1992). All GVIF values are below 2, 
suggesting collinearity is not an issue. 
Variable Df GVIF 
Stand age 1 1.166
IFT 3 1.083
Vertical structure 4 1.032
Road density 1 1.018
distance to historic 
garden 1 1.110
Favourability gradient 2 1.659
log10(woodland 
cover)                   1 1.374
Moisture and 










Figure S1.3. Conditional plots of variation in the probability of rhododendron occurrence in 
woodland sites in relation to local and landscape-level drivers. Results were graphed using 
coefficients from the minimum adequate model. Error bars represent 95% confidence intervals. 
 
 
Figure S1.4. Cross-scale interactions of the effects of landscape-level woodland cover (within 500-
m of a woodland site) on woodland susceptibility to invasion depends on the favurability gradient. 
Relationship graphed using coefficients from the minimum adequate model with conditional variables 




Appendix S2. Further methodological details 
for modelling pond water quality 
Appendix S2.1 Details of the drivers selected for the analysis of soluble 
reactive phosphorus concentrations (SRP) in ponds 
Table S2.1. Drivers selected for the analysis of pond water quality  
Driver Relationships with SRP  Variable 
type 
Source, original resolution and 
processing details 
Region-level    
Precipitation Can increase runoff and carry agricultural 
runoff to ponds in agricultural areas. Could 
also serve to ‘flush out’ ponds, which are 
generally shallow in the UK. 
Continuous UK Met office  
Average of monthly values across 2006-
2007 / mm 
https://www.metoffice.gov.uk/climate/uk/dat
a/ukcp09/datasets  
Temperature Many nutrient cycling processes, such as 
microbially mediated reactions, are affected 
by temperature. 
Continuous UK Met office 
 
Average of monthly values across 2006-
2007 / °C 
https://www.metoffice.gov.uk/climate/uk/dat
a/ukcp09/datasets  
Slope High slopes can exacerbate agricultural 
runoff. 
Continuous OS Terrain 50, available at 50-m resolution 
https://www.ordnancesurvey.co.uk/xml/pro
ducts/OSTerrain50Grid.xml    
Soil SRP is more susceptible to leaching in light 
sandy soils, and so is more likely to flow 
into ponds that are surrounded by intensive 
agriculture. 
Continuous Soil Parent Material Model (PMM) gives a 
soil classification at a resolution at 1-km. 
Proportion of 10-km square covered by 
soils classified as ‘light’ by the Soil Parent 






Atmospheric deposition can be a significant 
source of nitrogen, which can affect N:P, 
ratios and so the concentration of SRP. 
Continuous Deposition maps for the UK are available 
at a resolution of 5km from UK Pollution 
Deposition. 2006-2007 average values 
were used for wet nitrates. Available online 
http://www.pollutantdeposition.ceh.ac.uk/  
Landscape-level    
Source cover 
landscape metrics 
Intensive land covers including arable and 
improved grasslands are sources of P. 
Continuous LCM2007. Calculated in buffers of varying 












Ponds with low (negative) TPI values were 
predicted to be more susceptible to 
agricultural runoff, if surrounded by 
intensive land uses. 
Continuous OS Terrain 50, available at 50-m resolution 
https://www.ordnancesurvey.co.uk/xml/pro
ducts/OSTerrain50Grid.xml   
A pond’s TPI equals the elevation of the 
pond minus the mean elevation of the 
surrounding area - this value can be 
calculated at multiple extents of the 
surrounding area. 
SRP exhibited a Laplace distribution in 
relation to TPI, peaking at 0 TPI, so values 
were converted to absolute values for 
modelling, and the variable was referred to 
as ‘slope’. 
Local-level    
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Inflow Inflows directly link ponds to stream 
drainage systems and so are inlets of 
stream-borne pollutants. 
Binary CS; Presence/absence of wet or dry inflow 
into pond 
Area Larger area corresponds to larger 
perimeter for intercepting pollutants in 
ground water or surface runoff 
Continuous CS measured in m2 
Buffer Will intercept runoff and therefore reduce 
SRP concentrations 
Continuous CS; % land within 100-m zone occupied by 
sink land covers (woodland or scrubby 
vegetation). 
 






Figure S2.1. Percentage of variance explained by each axis obtained by the PCA of regional 
variables across the UK. 
 
 
Figure S2.2. Variable contributions to three regional gradients identified by PCA. The red dashed 
indicates the expected average contribution if the contributions of the variables were uniform; 





Table S2.2. Variable correlation coefficients with the three principle components representing 
regional gradients across the UK. Variance values indicate the percentage of the total variance in 
regional heterogeneity accounted for by each principle component.  
  
  Axis1 Axis2 Axis3 
prec 0.84 0.02 0.44 
temp -0.86 -0.14 -0.10 
soil 0.56 0.63 -0.38 
slope 0.89 -0.16 0.07 
ndep 0.68 -0.60 -0.39 
Variance / % 62.74 16.13 10.01 









Table S2.3. Parameter estimates of the minimum adequate model that explained pond soluble 
reactive phosphorous concentration. Explanatory variables were centred and scaled prior to analysis 







Standard error P Importance 
value* 
Intercept NA 5.10 0.23 <0.001 NA 
Intensive cover Landscape 1.35 0.187 <0.001 1.00 
Soil gradient (Axis 
2) 
Regional -0.14 0.17 0.488 1.00 
Inflow Local -0.67 0.33 0.040 0.70 
Soil gradient: 
Intensive cover  
Regional: 
landscape 





Table 2.4. Relative importance values for explanatory variables contained within considerably 
supported models (∆AIC ≤10) explaining pond soluble reactive phosphorous concentrations. All 
models compared here included landscape-level variables calculated at a 250-m-extent. Weights 
calculated by summing up the Akaike weights of models that included the term in question (Burnham 
and Anderson, 2004). 
Term Importance value 
intensive cover 1.00 
soil gradient 0.95 
soil gradient: intensive cover 0.84 
inflow 0.70 
slope 0.50 
precipitation gradient 0.47 
buffer 0.34 
inflow: intensive cover 0.19 
precipitation gradient: intensive cover 0.13 
buffer: intensive cover 0.09 
 
 
Fig. S2.3. Spearman’s rank correlation coefficients of variables considered in the analysis of 






Table S2.4.  Generalised variance inflation factors (GVIF) for variables contained within the 
minimum adequate model, calculated following Fox & Monette (1992). All GVIF values are below 2, 
suggesting collinearity is not an issue. 
Variable Df GVIF 
Soil gradient 1 1.18 
Intensive cover 1 1.17 
soil gradient: intensive 
cover 2 1.03 




Figure S2.4 Conditional plot of variation in pond soluble reactive phosphorus concentration in 
relation to inflow presence. Results were graphed using coefficients from the minimum adequate 
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